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FOREWORD

This report presents the description of a computer code which was devel-
oped to perform detailed fatigue crack-growth analysis on a cycle-by-cycle
basis. This computer code is a two-dimensional crack-growth analysis routine.
An improved load interaction model which accounts for both th: tensile overload
retardation and compressive load acceleration effects of a spectrum loading
has been implemented in this program. The development effort of this computer
code was under Air Force Contract F33615-77-C-3121, Project 2401, "'Structural
Mechanics,' Task 240101, 'Structural Integrity for Military Aerospace
Vehicles,' Work Unit 24010120, entitled "'Improved Methods for Predicting
Spectrum Loading Effects.” This contract was administrated by the Flight
Dynamics Laboratory of the Air Force Wright Aeronautical Laboratories, Wright-
Patterson Air Force Base, Ohio. R.M. Engle (AFWAL/FIBE) was the Air Force
project engineer

This development effort was conducted by personnel from the Fatigue and
Fracture Mechanics Group, Dynamics Technology, Structure Systems, under the
direction of George Fitch, Jr., supervisor, Joseph S. Rosenthal, manager, and
Dr. Leslie M. Lackman, director. James B. Chang was the program manager and
principal investigator. Edward Klein was the original developer of this com-
puter code.
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Section 1

INTRODUCTION

This document describes a computer program which was developed to per-
form detailed fatigue crack growth analysis on a cycle-by-cycle basis. The
fatigue crack growth prediction method incorporated in this computer code is
an improved methodology based on state-of-the-art technologies. The develop-
ment effort and correlation of the analytical predictions to the test data
were documented in reference 1. ,

The baseline fatigue crack growth rate equation chosen in the program
was the modified Walker equation (reference 2) with variable threshold stress
intensity factor range. The generalized Willenborg retardation model (refer-
ence 3) and the Chang acceleration scheme (reference 4) were selected to
handle the complex load interaction effects in a spectrum loading which
include tensile overlcad retardation, and faster crack growth caused by
the existence of the compressive load in compression-tension (negative stress
ratio) cycles.

Reduction of the overload retardation effect when the overload is fol-
lowed by a compression load is also accounted for using a reduction of the
effective overload plastic zone size approach formulated by Chang (reference
1). The linear approximation method proposed by Vroman which was widely used
in existing computer programs such as EFFGRO (reference 5) and CRACKS (refer-
ence 6) was adopted as the damage accumulation scheme. To account for the
shape-change effect of a part-through crack (PTC), such as the surface flaw
and a single corner crack at a fastener hole, the two-dimension (2-D) crack
growth analysis approach used by many existing crack growth codes, including
Rockwell's FLAGRO (reference 7) and NASA's CRACK (reference 8), was adopted
in this computer program. The 2-D crack-growth-analysis approach assumes that
growth in the two principal directions of a part-through crack is a function
of the stress intensity factors at the extreme points in each direction. The
CRKGRO program also provides the 1-D crack-growth-analysis option for the part-
through cracks.

A collection of stress-intensity-factor solutions for various through-
crack (TC) and PTC configurations has been incorporated into this program
through a CRACK LIBRARY module which consists of 10 subroutines, each con-
taining a specific stress-intensity-factor solution for a specific crack geom-
etry. There are eight additional dummy routines stored in the program, which
provides the user the capability for adding new stress-intensity-tactor solu-
tions for the crack geometries needed to be considered.

The program provides the option for counting the cvcles for spectrum
loadings through the range-pair counting routine built into the program. The
program also provides the option to perform parametric studies on parameters
which dominate the degree of damage such as the design limit stresses.

1




The CRKGRO program also provides four options for presenting the crack
growth history in graphical plotting format. These options are (1) crack size
versus number of flights, a versus N, (2) crack growth rates versus number of '-’
flights, da/dF versus N, (3) crack growth rate versus crack sizes, da/dF ver-
sus a, and (4) crack growth rate versus the maximum stress intensity factor
per flight, da/dF versus Kpygx. For a parametric study, a maximum of seven
curves can be plotted on one chart in order to provide the user a clear
picture.




Section II

TECHNICAL DISCUSSION

The technical approach used in this computer program is applicable pri-
marily for metallic structures which contain cracks or crack-like flaws sub-
jected to cyclic loadings. The crack growth analysis methodology was developed
based on linear elastic fracture mechanics (LEPM) principles; i.e., the
range of crack-tip stress intensity factor, AK, is the controlling parameter
for characterizing the cyclic crack growth rates.

This section includes a discussion of each of the following elements
which form the overall analysis methodology incorporated in the program:
fatigue crack-growth-rate equation, load interaction model, damage accumula-
tion scheme, and stress-intensity-factor solutions.

FATIGUE CRACK-GROWTH-RATE EQUATION

For constant-amplitude loadings, the baseline fatigue crack-growth-rate
equations used in this program are the modified Walker equation (reference 2)
for positive stress ratios and the Chang equation (reference 4) for negative
stress ratios. In mathematical forms, they can be expressed as follows:

For 4K >4K_,, R20

th
da/dN = ¢ [AK/(-BT™", R R, R=R
3> ot = _ ot
R Rcut’ R Rcut

For 4K > AKth’ R<0

da/dN=c [A+RHYK 1", RAR, ,R=R

max

For 4K 4 AKth

da/dN =

where C and n are the growth rate constants; m is the stress-ratio collapsing
factor, q is the acceleration exponent, and Rcut are the cutoff values for the
stress ratios, either positive or negative.




The threshold stress-intensity-factor range 4Ky is determined by

AKth = (1 - AR) AKtho

where 4K, is the threshold value of the stress-intensity-factor range obtained
from R = 0 constant amplitude tests; A is an empirical constant determined from
constant-amplitude test data with various stress ratios.

A detailed description on the procedure for the determination of the
crack-growth-rate constants is in Appendix A.

LOAD INTERACTION MODEL

Various load interaction effects on the crack growth behavior under spec-
trum loadings have been observed. The important effects are:

1. Tensile overloads cause significant retardation of the crack growth.
2. Compressive loads accelerate crack growth rates. Furthermore, a

coampressive load immediately following the tensile overload
reduces the retardation effect introduced by the tensile overload.

TENSILE OVERLOAD RETARDATION MODEL

To account for the retardation effect, the generalized Willenborg model

(reference 3) is adopted in this program. The generalized Willenborg model
can be written in the following form:

i CafoL (i 4a\l/z
Krax)eff = K”max <p[Kmax (1 Z ) K ]

ol “max
1/2
oL Aa
(K _.) = X -<p[l( (1-—-—) - K ]
min’ eff © in max ZoL ® ax

®=[1- (K /K j 1 (Ren - 1)
ma.XTH “ma.x / SO

where Ke,,, is the stress-intensity- factor corresponding to the maximum
remotely applied stress, KOL is the stress-intensity-factor corresponding to
the maximum stress of the overload, Aa is the incremental growth following




-

the overload, Zol is the overload interaction zone size. Rgy is the overload
shutoff ratio which is defined as:

oL
= K”
RSO max// max
For spectrum loading, the effective stress-intensity-factor range and

effective stress ratio which are used in CRKGRO, are expressed in terms of the
maximum and minimum effective stress intensity factors as follows:

BKer = Kaderr - Knindess
Reff = (Kmin)eff/(Kmax)eff

In the load-interaction-accounted-for option, the program utilizes the follow-
ing equation to account for tensile overload retardation effect:

For AKeff >AKth’ Reff 20
FON = .5 1-m,n T < pt = _
da/dN = CL{8K) e/ (1 - Ryeed™ 71 Rope™ Rty Ropr = Rogr
o~ > R+ — _ R+

For AKeff < AKth

da/dN = 0

where C, n, m and R* _ are the same crack-growth-rate parameters described
under ''Fatigue Cracﬁgﬁrowth-Rate Equation.' The threshold values of the
stress-intensity-factor range are also identical to those used in the constant-
amplitude cases.

COMPRESSIVE LOAD ACCELERATION MODEL

If the effective stress ratio is negative; i.e., Rqgg < 0, the Chang
negative stress ratio equation is used in this program, which accounts tfor
the compressive load acceleration effect:

- =2 .q n - 2R __, =R _
da/dN = C[(1 + Reff) (Kmax)eff] s Reff cut’ eff eff

=
Regf < Reut? Rerf = Reut

where q is the acceleration index determined from test data generated for a
specific negative stress ratio (R < Q) apd its R = 0 counterpart.




The reduction of the overload retardation effect caused by a compressive
spike load immediately following the tensile overload is accounted for by
CRKGRO through an effective overload interaction zone concept proposed by
Chang (reference 1). The effective overload interactive zone is defined in
tems of the negative effective stress ratio (Reff < 0) as:

.

(ZoL)eff =@~ Reff) (ZOL)’ Reff = Rcut’ Reff - Reff
= < o — o
R'eff Rcut’ Reff Rcut

where Z5; 1s the plastic zone size introduced by the tensile overload.

In CRKGRO, the plane strain plastic zone size is used if the stress inten-
sity factor at the maximum depth for a part-through crack is to be calculated.
The plane stress plastic zone size is used at the length direction for TC's
and PTC's. The plane stress and plane strain plastic zone sizes are:

K 2
1 “max
(Zgp) in " &7
oL’plane strain 67
ty
K 2
1 “max
(Z,) = 5=
oL’plane stress 2w Fty

where F. is the material tensile yield strength.

ty

DAMAGE ACCUMULATION SCHEME

The Vroman linear approximation method has been incorporated into this
computer program as the damage accumulation scheme. The following paragraphs
briefly describe the method.

For a given load spectrum as shown in table 1, the Vroman damage accumu-
lation scheme proceeds by considering a load step (i) and using ohaxi and
amini to calculate (da/dN)i. The value of (0.01a)/(dz;1/d1\1)-l is then compared
to Nj, where "a'"" is the instantaneous crack size. If (0.0la)/(da/dN)j is
greater than Nj, then the crack growth for that particular load step is
Aa = Nj x(da/dV);, the crack has then grown from "a" to (a +Aa), and the

program proceeds to the next load step.

If (0.0la)/(da/dN); is less than or equal to Nj, the crack size will be
(a + 0.01a), and this load step is reexamined. This process continues with
(0.0la)/(da/dN)j being compared to the remaining cycles in the step. When all
load steps in the block or flight have been examined, the program then proceeds
to the first step of the next block (or flight) and continues.

N
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TABLE 1. A TYPICAL STRESS SPECTRUM TABLE (SCHEMATIC)
No. of cyc/
4 Step Max stress Min stress block (flight)
1 o o . N :
ma.:rc1 m:Ln1 1 !
2 “max., Tmin.,, N2
3 Tmax Omin Ny
3 3
i Tmax, Omin,
1 1 N.
1
4
!
3
i
7 i
|




STRESS- INTENSITY-FACTOR SOLUTIONS

Two major types of crack geometry are considered in this program: TC and
PTC. Crack-tip stress-intensity-factor solutions for commonly detected TC
and PTC are incorporated into the CRACK LIBRARY module of this program. The
CRACK LIBRARY module consists of separate subroutines, each containing one set
of stress-intensity-factor solution.

For PTC's, this program accounts for the shape-change effects through
the 2-D crack-growth-analysis approach. The 2-D crack-growth-analysis approach
assumes that growth in the two principal directions of a PTC can be character-
ized by the stress-intensity-factors at the extreme points of each direction.
In constant-amplitude loadings for example, the crack growth rates at the two
extreme points, A and B, of a surface crack as shown in Figure 1 are calculated
by CRKGRO using the following set of eguations:
l'mA nA
da/dN = A LAKA/(l - R) ]

1-mg ng

dc/dN = CB DAKB/(I - R) ]

where C,, n,, my and Cp» are the material's crack-growth-rate param-
eters along the depth andngh m?ength directions, respectively; R is the cyclic
stress ratio, and AK, and AKp are the stress-intensity-factor range at the
maximum depth and length points, respectively.

The stress intensity factors at the maximum depth point A, and the maxi-
mum length point B built into CRKGRO are prepared using the compound solution
format. In general, these can be expressed as:

A}

= a € o, /72 -
KA [FA ( , , b)] q at the maximum depth

= a ¢ allg[mC :
KB [%B (t R ' 5 c)] q at the maximm length

where a is the depth, ¢ is the half-length for a surface crack, t is the thick-
ness of the structure, b is the half-width of the structure, Q is the shape
factor, and Fp and Fp are the geometrical magnification factors for the maxi-
mum depth point A and the maximum length point B as shown in Figure 1.

|®

(g}

0

In CRKGRO, the geometrical magnification factors are in a polynomial for-
mat. For the surface crack shown in figure 1, the geometrical magnification
factors are derived from the general surface crack stress-intensity-factor
solution proposed by Newman (reference 9). At point B, the solution was
derived from ¢ = 10° as suggested by Newman (Reference 12).

'
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Figure 1. A Typical Surface Crack Configuration
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At point A (@ = 90°)

Fy =;1.13 - 0.09 (a/c) + [mot%%—)— - 0-54](%)2

4
. [o.s - _'—__(o.és g4 a- a/c)24] (2) s

x[ /sec(g—% ‘/%)]
At point B, (¢ = 10°)

i . 0.89 A a
Fp = 31.13 - 0.09(a/c) [—~————— 0.54]<t)

e

2
(0.2 + a/c)

4
1 24] (a
+ [0.5 - —-——————(0_65 rePyrS + 14 (1 - a/c) (;) $

x{[l.l . 0.35(a/t)2}(%) sec (72 /%_):

The shape factor Q used in CRKGRO is also in a closed-form solution format
which was formulated by Newman (reference 10) as:

Q= (1 +1.464 (a/c)}%°

)

A collection of stress-intensity-factor solutions for various TC and PTC
configurations has been incorporated into CRKGRO through a CRACK LIBRAFY mod-
ule which consists of separate subroutines, each containing one stress-
intensity-factor solution. A crack code system is used in CRKGRO. Tigure 2
shows the crack geometries with the corresponding assigned code numbor. For
example, crack code 1010 is the surface flaw and 2010 is the centered TC.

Each PTC subroutine has two sets of solutions, Ky and Kg. The stress intensity
factor for a shallow crack (a/c € 1) and for a deep crack (a/c > 1) are inclu-
ded in the same subroutine. Ten stress-intensity-factor solutions have been
incorporated in the CRACK LIBRARY module. Appendix B contains these solutions.

For part-through cracks, the CRKGRO program also provides the one-
dimensional (1-D) c¢rack growth analysis options. For the 1-D option, only the
stress intensity factor at the maximum depth of a PTC is calculated. The aspect
ratio (a/3c) is assumed to be constant through the whole period of the growth
of the PTC, i.e., the shape change of a PTC is not accounted for in the crack
growth analysis.

The 1-D stress intensity factor solutions for various part-through cracks
such as the surface crack, the edge commer crack, -are presented also in
Appendix B. These solutions are somewhat different than its 2-D option coun-
terpart due to the fact that the shape change effect is not accounted for in
the 1-D option, they were formulated using the compound solution technique with
the average value using for geometry correction factor.

10




CODE NO.

DESCRIPTION

GEOMETRY

1010

1030

1080

1070

2010

2020

2030

2040

2080

SURFACE CRACK, CENTERED

ONE CORNER CRACK FROM
CENTERED OPEN HOLE

TWO CORNER CRACKS FROM
CENTERED OPEN HOLE

ONE CORNER EDGE CRACK

THROUGH-CRACK, CENTERED

ONE THROUGH-CRACK FROM
CENTERED OPEN HOLE

TWO THROUGH-CRACKS FROM
CENTERED OPEN HOLE

ONE THROUGH-EDGE CRACK

TWO THROUGH-EDGE CRACKS

ASTM COMPACT SPECIMEN

Figure 2. Crack Library
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Section III

PROGRAM OUTLINES

This computer code is called a detail crack growth analysis program and
its identification is CRKGRO. A program flowchart is shown in figure 3.
CRKGRO consists of 34 subroutines, of which 18 are basic to the stress-
intensity-factor calculations identified as the CRACK LIBRARY. Currently, 10
stress-intensity-factor solutions have been incorporated into CRKGRO.
Appendix B shows these 10 stress-intensity-factor solutions. The other eight

subrogtines are the dummy subroutines, in which a new stress-intensity-factor
solution can be coded into the program.

1. CRKGRO - overall supervisory routine

2. CENTER - centers titles with assigned fields

3. CICON - converts characters to binary

4, (MBCD - moves BCD charac-ers from one FORTRAN array to another

S. COCEN - converts binary to characters

6. CRIT - computes the critical crack length without growing the
crack

7. CYCONT - performs range-pair counting of the spectrum

8. GROW - supervisory crack growth routine

{

9. GETDAT - gets control card information

10. INPUT - reads the input data, consisting of the crack-growth-rate
equation and load interaction model parameters, material 5
and geometric constants, spectrum input, and output controls |

11. LIBBD - provides titles for crack library; i.e., stress-intensity- L
factor solutions &

12. NEWLFN - changes file name in FIT for versatile file number input *
when spectra are stored.

13. NUMBER - converts a character to an integer @

i

14. OUTPUT - woprints the echo of the input data and control printout i

options y

12




15. PLOT - plots the grid, labeling, and data points for subroutine
' PTPARM

t
t
}
;

16. PTPARM - directs plotting of crack growth analysis results

: ’//f'
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Section IV

CRKGRO INPUT DATA DECK

The input data deck for CRKGRO is described in this section. A brief
description of each type of input data card is presented in the following list,
the overall deck setup is shown in figure 4, and a detailed description of
each card follows

Card Description !
la "TITLE" keyword

1b Title cards

1c ""END'"' keyword

la "MATERIAL" keyword

2b Material description card

2c Crack-growth-rate equation constants

2d Material properties

3a ""THRESHOLD" keyword

3b Delta K-threshold and variable delta K-threshold constant

4a "LIMITS™ keyword

4b Initial and final crack sizes and stress ratio cutoff values

S5a ""ANALYSIS'" keyword

Sb Load interaction specifications

5¢ Crack code and crack geometry

Sd Limit stresses

6a "SPECTRUM'' keyword

6b Spectrum title card

6¢ Spectrum scale factor, range-pair counting option, and file

nunber
6d Keyword for spectrum type, '™AX-MIN,"” "R-DELTA,"
"™MEAN-ALT," and flight mission segment title
6e Stress spectrum and occurrences ,
6f ""END" keyword |
6g ""END SPECTRUM'' keyword !
6h Mission mix ;
6i Number of flights per block }
17
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7a
7b
7c
7d

Description

""OUTPUT"' keyword
Print and plot options
Plotter type

Plot types and scaling

""END DATA" keyword




LA

CARD 8
END DATA CARD

CARDS 7A-7D
OUTPUT CARDS

CARDS 6A-~61
SPECTRUM CARDS

——

CARDS S5A-5D
ANALYSIS CARDS

CARDS LA-LB
LIMIT CARDS

CARDS 3A-38
THRESHOLD VALUE CARDS

L

CARDS 2A-~2D
MATERIAL CARDS

TITLE CARDS

CARDS tA-1C 7

Figure 4. CRKGRO Input Deck Setup

19




INPUT DATA CARD la ' .
Description: Title card keyword

Format and Example:

Column 1 5 6 ’ 80
OPTION
TITLE

Field Contents

OPTION “TITLE" keyword, beginning in column 1

Remarks: This card initiates the input of the title cards.

20




INPUT DATA CARDS NO. 1b

Description: Title cards

Format and Example:

Column
Field
TITLE (1),
I1=1, 18
Remarks:

TITLE(1) through TITLE (18)

BENCHMARK 443 FOR A DOUBLE CORNER CRACK

Contents

Any alphanumeric information which the user desires to
input for problem identification

There is no limit to the number of title cards input.
All title cards are printed on the first page of output,
but only the first title card is printed on succeeding
pages and all plots.

21




INPUT DATA CARD 1c
Description: Termination of title card input

Format and Example:

Colum 1 34 80
OPTION
END
Field Contents
OPTION "END'' keyword, beginning in column 1 for terminating title
card input
22




INPUT DATA CARD NO. 2a
Description: Material card keyword

Format and Example:

Column 1 8 9 80
OPTION
MATERIAL |
Field Contents
OPTION "MATERIAL" keyword, beginning in colum 1.
Remarks: This card initiates the input of the material description,

crack-growth-rate constants, and static material properties.
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INPUT DATA CARD NO. 2b

Description: Material description

Format and Example:

Column

Field

MATID(I),
I=1,6

BISLP

MATID(1) through MATID(7) BISLP

2219-T851 ALUMINUM

Contents

Any Alphanumeric information which the user desires to
input for material identification. 60 columns can be
used for imput

Option to use single or bi-slope crack growth rate
curves

Blank - analyze with single-slope rate curve
"BISLOPE'" - analyze with bi-slope rate curve

24




INPUT DATA CARD NO. 2c

Description:

Crack-growth-rate constants

Format and Example:

Column

Field

CSUBC

EXPNC

CSUBA

EXPNA

CSUBC EXPNC CBUBA EXPNA | EXPM

5.066 E-10| 3.83 | 5.066 E-10| 3.83 o.oo/

60 80
S
T 1o
Contents

Crack-growth-rate equation coefficient CC used in dc/dN
equation

Crack-growth-rate equation exponent n. used in dc/dN
equation

Crack-growth-rate equation coefficient Ca used in da/dN
equation

Crack-growth-rate equation exponent n, used in da/dN
equation

Positive stress ratio collapsing factor m used in the
modified Walker equation

Negative stress ratio acceleration index q used in the
Chang equation

1. CSUBC and CSUBA must be in ksi units.

2. If the "BISLOPE" option is used (see card 2b) an extra
input card is required for the lower part of the rate
curve. This card is similar to card 2c, where CSUBCL,
EXPNCL, CSUBAL, EXPNAL, EXPML, EXPQL is as defined
above but for the lower part i.e. region I of the da/dN

25




versus AK rate curve, with the additional input values
of TRANSL and ATLEV in colums 61-65 and 66-72,

Trespectively.

TRANSL - &K at transition from upper to lower curve
(e.g.: 3.7)

ATLEV - the level of da/dN at transition from upper to
lower curve (e.g.: 1.0 -07)
INPUT DATA CARD 2d
Description: Material properties

Format and Example:

Colum 1 10 20 30 80

CKC AKIC SIGMAY

65. 45, 48,
Field Contents
CKC Plane stress fracture toughness Kq(ksi J in.) used for the
through-crack instability criterion
AKIC Plane strain fracture toughness KI (kSiN[IH.) used for the
part-through-crack instability crlgerion
SIGMAY Material yield strength, dty(ksi)
26




INPUT DATA CARD 3a
Nescription: Threshold keyword card

Format and Example:

Colum 1 9 80
OPTION
THRESHOLD

Field Contents

OPTION ""THRESHOLD"' keyword, beginning in column 1

Remarks: This card initiates the input for the AK threshold option.




Colum

Field

DELKTH

Remarks:

INPUT DATA CARD 3b
Description:
Format and Example:

Delta K-threshold and Constant

1 10 20 80
DELKTH THA
2.5 1.0
Contents

The fixed threshold value of &K at R = o,
Ak, (KsiJin.)
0

The variable threshold constant

AK

th =AKth° (1-AR)

28




Description:

INPUT DATA CARD 4a

Format and Example:

Limits keyword card &

Column

Field
OPTION

Remarks:

1 6 80

OPTION
LIMITS

Contents
"LIMITS'* keyword, beginning in column 1

This card initiates the input of the initial and final ]
crack sizes and stress ratio cutoff values.




INPUT DATA CARD 4b
Description: Initial and final crack sizes and stress ratio cutoff values

Format and Example:

Column 1 10 20 30 40 50 60

CINIT CF AINIT AF RCUT RCUIN
0.06 0.90 0.06 0.5 0.75 -0.50

Field Contents

CINIT Initial crack length (in.)

CF Final crack length (in.)

AINIT Initial crack depth (in.)

AF Final crack depth (in.)

RCUT The cutoff value of the positive stress ratio 'R+,'" above

which the material is assumed to have no stress ratio layering
effect on the crack growth.

RCUIN The cutoff value of the negative stress ratio '"R-,'' below
which the material is assumed to have no acceleration effect
on the crack growth

Remarks: 1. If CF = 0, or blank, CF will be set equal to:

a. the half width - for surface and center-thru
cracks

b. the width - for edge cracks
¢. the (half width-radius) - for cracks at holes.

Analysis will terminate when either the critical
crack size occurs or the crack length is equal tu CF.

2. If AINIT = 0. or blank, and the crack type is a part
through crack, the execution will terminate.

3. If AF = 0. or blank, AF will be set equal to the
thickness. Analysis will temminate when either the
critical crack size occurs or the crack depth is equal
to AF.

30
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4. RCUT must be in the range: 0.< RCUT < 1.

5. RCUIN must be in the range: -1.0<«< RCUIN = 0,

INPUT DATA CARD 5a

Description:

Analysis keyword card

Format and Example:

Colum

Field

OPTION

Remarks:

1 8 80

OPTION
ANALYSIS

Contents
"ANALYSIS" keyword, beginning in column 1

This card initiates the input of load interaction data, crack
code, crack geometry, and limit stresses.

-




INPUT DATA CARD 5b

Description:

Load interaction specification

Format and Example:

Colum

Field

RETDA

Remarks:

1 - 20 20 40
RET RETTYP RETDA
LOAD INTERACTION YES 3.0

Contents

""LOAD INTERACTION" keyword, beginning in column 1

Load interaction application. If "NO" is input, no load
interaction will be considered in the analysis, and the com-
pressive minimm stresses will be set to zero. If RETTYP is
blank or ''YES,'" overload retardation and compression acceler-
ation are considered. If "BOTH" is input, then both analyses
will be performed.

Retardation shutoff ratio

The value of RETTYP must begin in column 21.
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INPUT DATA CARD 5c

]
. Description: Crack code and crack geometry
Format and Example:
Colum 1 4 8 11 20 30 40 50
. T
i CODE| DIM | WIDTH T | RADIUS | NBRK
1050} ONED 4.0 0.5 0.125 0
4
Field Contents
CODE Crack code consisting of four integers, begimming in
colunn 1
4 DIM Blank - Two-dimensional analysis
: ""ONED" - One-dimensional analysis, beginning in column §
E WIDTH Width of structure, W = 2b (in.) for non-edge cracks
i W=">b (in.) for edge cracks
T Thickness of structure, t (in.)
RADIUS Radius of open hole, r (in.)
: NBRK Control for transition from a part-through crack to a
through crack
For NBRK = 0, breakthrough occurs when a/t = 1. For 0.8°1
NBRK = 1, breakthrough occurs at a/t = 0.5 [1/0.86 (a/2c)] "~~~
5 Remarks: 1. Refer to figure 2 for a description of crack codes

available in the current version of CRKGRO.
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INPUT DATA CARD 5d

Description:

Format and Example:

Limit stresses and analysis control parameters

Column

Field
NLIM
SIGLIM(1)

INSTAB

SIGLIM(I),
1=2,7

Remarks:

1 10 20 30

NLIM SIGLIM(1) INSTAB

3 10. BY MAXIMUM
1 10 20 30 40
SIGLIM(2) SIGLIM(3) | - - - - - SIGLIM(NLIM)
.85 1.2
Contents

Number of limit stresses, integer, right-adjusted
Limit stress in ksi

Control for determining when instability is reached:
(Starting in column 21.)

"BY MAXIMUM' - by stress-intensity-factor value at
maximum spectrum stress

"Blank' - by stress-intensity-factor value at limit stress
Ratio of the ith limit stress to the first limit stress
1. 1If NLIM is greater than 1, then a parametric study is
performed with the change in limit stress. The spectrum
stresses also change by the ratio of limit stress change.
2. Limit stress ratios, SIGLIM(2-7), are input in fields

of 10 on the next data card. A maximum of six limit
stress ratios may be input on this card.
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INPUT DAT/ CARD 6a
Description: SPECTRUM card keyword

Format and Example:

Colum 1 10 80
OPTION
SPECTRUM

Field Contents

OPTION ""SPECTRUM'' keyword, beginning in colum 1

This card initiates the input of the spectrum data.

35




INPUT DATA CARD 6b

Description: Spectrum title card

Format and Example:

Columm 1 70 80

1 STITLE(1) through (7)
FIGHTER SPECTRUM

Field Contents

STITLE(I), Any alphanumeric information which the user desires to input
I1=1,7 for overall spectrum identification

Remarks: Only information in columns 1-70 is printed.




—

INPUT DATA CARD 6¢

'
‘ Description: Spectrum scale factor, range-pair counting option and file
number for stored spectrum (if any)
Format and Example:
Column 1 10 15 20 80
FAC NRP NFILE
1.0 1 12
Field Contents
FAC Factor used to scale the spectrum i
!
NRP Control for range-pairing each spectrum segment: ;
0 - no range-pair counting operation ?
1 - range-pair counting option 5
i
i
NFILE Unit number of file where spectrum is stored: :
Blank - spectrum will be read in from cards -
10-98 - spectrum will be read in from given file
Remarks: 1. All maximm and minimum stresses are scaled by the
value of FAC.
2. The valueé of NRP and NFILE are integers, right-adjusted.
".‘
E
;,
I
37
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INPUT DATA CARD 6d
Description: Spectrum-type keyword and segment title

Format and Example:

Column 1 10 70 80

SPCTYP SEGTTL(1) through SEGTTL(6)
MAX-MIN AIR-TO-GROUND SPECTRUM

Field Contents
SPCTYP Spectrum-type keyword defining the following data cards as

one of the following:

"MAX-MIN" - maximm and minimum stresses are input
"R-DELTA" - stress ratio and delta stress are input
"MEAN" - mean and alternating stresses are input

SEGTTL(I) Mission segment description
I=1,6

Remarks: 1. The keyword for SPCTYP begins in column 1.

2. The mission segment description can be input in
columns 11-70.

3. Cards 6d to 6f must be repeated for as many segments as
there are in the spectrum to a maximum of 20 segments.
There is no limit to the number of steps per segment,
although a limit of 3,000 steps is established for the
entire spectrum.

4. This card should always be a part of the input deck
(not a part of a stored spectrum).
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INPUT DATA CARD 6e

Description: Stress spectrum

Format and Example:

Column 1 S 15 25 35
51 S2 CYCLES
12, -2. 1.
25. 10. .01
6.5 2.1 25,
8.4 5.2 500.
Field Contents
S1 Depending on the spectrum type, S1 is one of the following:
1. Maximum stress
2. Delta stress
3. Mean stress
S2 Depending on the spectrum type, SZ is one of the following:
1. Minimum stress
2. Stress ratio
3. Alternating stress
CYCLES NMumber of occurrences for each type of loading
Remarks: 1. The spectrum is considered to be in ksi umits.

2. A value for CYCLES < 1 will be applied every (cycLes) !
times. If CYCLES = 0.1, the loading will be applied
every 10th time that the flight segment is repeated.

3. A maximm of 3,000 steps is established for the
entire spectrum.

4. 1If the spectrum is in terms of % design limit stress,

the scale factor (card 6¢) will convert the spectrum
into the correct stress level.

N
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INPUT DATA CARD 6f

Description: End-of-flight segment keyword card

Format and Example:

Column 1 10 80
ENDSEG
END

Field Contents

ENDSEG "END" keyword, beginning in colum 1 for terminating flight

segment spectrum input

Remarks: 1. The succeeding data card is either a flight-segment-type
card 6d or card 6g.

2. If the spectrum is stored on a file, then the keyword
"END" must also be stored on the file after each segment
and/or at the end of the spectrum.
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Description:
Format and Example:

INPUT DATA CARD 6g

End-of -spectrum keyword card

Column

Field

ENDSPC

Remarks:

1

12 80

ENDSPC
END SPECTRUIM

Contents

"END SPECTRUM" keyword, beginning in colum 1 for
terminating spectrum input

This card should always be a part of the input deck (not
part of a stored spectrum).




INPUT DATA CARD 6h
Descrigtion: Mission mix

Format and Example:

Colummn 1 80

MISSION = NBLKS *Z(FACTORi*SEGMENT1)
MISSION = 2500 (2S1 + 382 + 1S1 + 2S3)

Field Contents

MISSION "MISSION =" keyword, starting in colum 1

NBLKS Nurber of times the complete mission string is repeated
FACTORi Number of times the individual flight segment is repeated
SEGMENT1 Mission segment number preceded by the letter ''S" for segment
Remarks: 1. The example illustrates an equation for mission mix.

The characters 'MISSION =" are required to initiate the
mission mix. The parentheses are required, and the terms
between them describe a complete mission string. All
characters are free format.

2. The maximum number of individual mission segments is 20
(S1...... S20), and the maximum number of mission segmen:s-
mix is 100 (1S1+...... ).
3. No limit is estahlished for NBLKS.
4. Other examples:
MISSTON = 10000
MISSION = 500 (1S1 + 1S2 + 1S3 + 1S4 + 1S5 + 1S6 «
1S5 + 1S4 + 1S3 + 152 + 1S1 + 1S2 + 1S3 + i
1S4 + 1S5 + 1S6) ’
1
|

5. The last entry must be a "+'" sign for continuation of a
mission-mix. The end of the mix is a closing parenthesis.




INPUT DATA CARD 6i
Description: Flights-per-block definition

Format and Example:

Column: 1 5 80
NFPB
25
\
Field Contents
NFPB Number of flights per block, integer, right-adjusted ]

Remarks: 1. This value is used for plotting only.




INPUT DATA CARD 73
Description: Output keyword card

Format and Example:

Colum 1 6 80
OPTION
QUTPUT

Field Contents

OPTION "OUTPUT"* keyword, beginning in column 1

This card initiates the input of printer and plotter controls.

Remarks:




T ] ”““m"——"-——___________j

|

* INPUT DATA CARD 7b

Description:

Print and plot options

Format and Example:

Column

Field

IPRSPC

NCRT

IPR72

KPRT

1 5 10 15 20 25 30 35 40 45
IPRSPC]  NB} NCRT NJUMP| IPR72| KPRT| INPRT| LNBLK
1 10 1 1 0 1 0 -25
Contents

Control for printing the spectrum to be used

1 - print
0 - suppress print

Control for printing the crack growth history in increments
of NB number of blocks. The default value is 175,

Control for plotting and reading plotting data:

1 - read plotting parameters on succeeding cards
0 - no plotting

Control for bypassing slow-growth steps:
0 - bypass steps with a growth rate less than 1078 and
AK<, 28K
X
1 - retain slow-growth steps in analysis

Control for limiting the line size:

1 - printed output will have a 72-colum width ‘
0 - printed output will have a 108-column width i

Control for printing stress intensity equations used

1 - print K equations
0 - do not print

45
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INPUT DATA CARD 7b (Concluded)

Field

INPRT

LNBLK

Remarks:

Contents
Control for printing growth history of first block

1 - do not print
0 - print first block's growth

Control for printing intermediate growth history

-1 - growth of the first ith steps of each 'NB''th block
will be printed

+1 - growth of the last ith steps of each 'NB''th block
will be printed

o - all steps of 'NB'"th block will be printed

If the spectrum is segmented and the first segment's number
of steps <LNBLK, printing will stop at the 1lst segment-end
for "-i" or start at the last segment-start for '+1'., First
block's print will also follow INBLK's option.




INPUT DATA CARD 7c

Description:

Plotter-type specification

Format and Example:

Column

Field

NPLTYP

TBAUD

Remarks:

1 S 10 80
NPLTYP| IBAUD
1 0
Contents

Plotter type for DISSPLA processing:
1 - sC4020
2 - Tektronix
3 - Unipost or Calcomp

Tektronix terminal line speed in characters per second
(used only when NPLTYP = 2)

1. All values are integers, right-adjusted.

2. Card 7¢ is input only if '"NCRT" on card 7b is 1.
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Description:

INPUT DATA CARD 7d

Plot types and scaling parameters

Format and Example:

Column

rField

OPT(1-4)

SCALE(2,4)

Remarks:

1 5 10 15 20 25 30 50 55 60
OPT(1)| OPT(2)| OPT(3)| OPT(4)| SCALE| SCALE| -~- | SCALE| SCALE
(1,1 (2,1) (1, (2,4
1 1 1 )t 0 0 0 1
Contents
Array specifying parameters to be plotted:
1 - plot
0 - no plot
OPT(1) = crack size versus life in flights
OPT(2) = crack growth rate versus life in flights Y vs X
OPT(3) = crack growth rate versus crack size )
OPT(4) = crack growth rate versus maximum Kmax

Array specifying

1.

2.

All values are

per flight

SCALE(1,%)

SCALE(2,*)

-

linear, semilog, or log-log grid scaling:

0 -
1 -

0 -
1 -

X-axis is linear
X-axis is log

Y-axis is linear
Y-axis is log

integers, right-adjusted.

For part-through cracks, separate plots are produced for
both crack length and depth.

Because one block represents the whole segment series or
mission-mix expression between the parentheses on card 6h,
the number of flights cn card 6i must reflect both the '

multiple applications and segment repetitions.

Card 7d is input only if '"NCRT" on card 7b is 1.




INPUT DATA CARD 8

Description:

End-of-data keyword card

Format and Example:

Colum

Field

OPTION

Remarks:

1 8 80

OPTICN
END DATA B

Contents

"END DATA'' keyword, beginning in colum 1

This card terminates the reading of input data. If no
input data errors were encountered, execution begins;
otherwise, the program is terminated.




Section V

EXAMPLE CASES

This section presents two example cases which are designed to illustrate
the capability of the CRKGRO program and exercises most of the program options.

The first example is the crack growth prediction for a surface crack contained
in a finite width plate as shown in figure 1, subjected to spectrum loadings.

For the purpose of illustration, the spectrum selected for the analysis was a

small block of random flight spectrum which consists of 57 cycles. Each

cycle has different stress levels.

crack growth analysis option.
were the bi-slope constants.

Material:

C
n

C=2
n=29,

m=

el
i

]

R
SO

-~
]

Ic

2219-T851 Aluminum Plate

Bi-slope transition point:

da/dN = 6 x 10~7 in/cyc

2
23

0.6
2.5 ksi/in
+0.75

3.0

45 ksi Vin

5.066 x 10710 (in ksi unit)
3.83

.126 x 10-13 (in ksi unit)

50

a

A

Rcut

O‘ty

The analysis was done by the two-dimension
Crack growth rate constants used in the analysis
The following data were used in the analysis.

Region II (upper slope) crack growth rate constants

AK = 5 ksi\/'i?

Region I (lower slope) crack growth rate constants

Crack growth rate parameters and fracture properties:

1.0

1.0

-0.99

48 ksi

65 ksim




Plate dimensions:

2b = 6.0 in. t = 0.25 1in.

Initial crack sizes:
a. = 0.10 in. a./2c. = 0.5
i i1
All the inpu” ecnoes and the print-outs of the output including the

graphics are shown in the next few pages. Brief descriptions are provided
for each page of the output printouts.
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Above are the input echoes arranged in a format such that

Remarks

they can be included directly in the crack growth analysis

report.
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stress intensi
analysis for crack codes 1010 and 2010.
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This is the printout which provided the detail data related

.

Remarks

Again, only

the first 20 steps of the spectrum were printed out.

to the cycle-by-cycle crack growth analysis.
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TRANSITICN TNTO CODE NR.

This printout provided the information on when the surface

Remarks:

The total

cycles applied were 5096 x 57 + 16 x 1 = 290,488 cycles.

crack became the through-the-thickness crack.
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7.5

HALF CRACK LENGTH (INCHES)

CRKGRG PROGRAM CRACK GROWTH ANALYSIS

SAMPLE CASE FOR SURFACE FLAW
LORD INTERACTION CONSIDERED

0.80

4

0.75 1

]
1
0.701

]

0.85 1
1
i
0.60 -

4

0.55 -

0.50 1

]

0.45
1

4

0.40
1
0.35

]

0.30 +
0.25
0.20

4

0.15

. LEGEND
e D= SIGLIM - 30.00 KS{( 4.35 MPAI
o',O - Tt T T ——

0.0 1000.0 200.0 3000.0 4000.0 5000.0 6000.0

LIFE  (FLIGHTS)
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CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAW
LORD INTERACTION CONSIDERED
0.26
0.24 A
4
1
0.22
]
" 0.204
g N
=z
had 1
A & 0.181
o o
Wl 1
o
5
E o0.18
u L
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0.14
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LEGEND
0.10 deZr 0= SIGLIM - 30.00 KSI( 4.35 tPA)
0.0 500.0 1000. 0 1500.02000. 0 2500. 0 3000. 0 3500.0 4000. 0 4500. 0 5000. 0 5500. 0
LIFE  (FLIGHTS)
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L4 ]

(INCHES PER FLIGHT)

DC/OF

CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAW
LORD INTERACTION CONSIDERED

1074
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: LEGEND
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CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAN
LOAD INTERACTION CONSIDERED

(INCHES PER FLIGHT)

DA/OF

: END
%10 D= SIGLIM - 30.00 KSIC ¢.35 MPAI
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CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAW
LOAD INTERACTION CONSIDERED
10-’:
1
z;::-
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g 4
= 107
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8
LEGEND |
10‘5 SE— E— D'.?]G'L]"I- }0&0 vKS!I( !.3’% MPR) "
0.0 0.2 0.4 0.6 0.8 1.0 1.2 3
HALF CRACK LENGTH (INCHES)
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7.9

CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAW

{INCHES PER FLIGHT)

OR/0F

LOAD INTERACTION CONSIDERED

LEGEND
-8 O=S}GLIM -~ 30.00 KSI{ 4.35 MPA)
741 0" e SR - O D0 O L LR Y
0.100 0.15 0.150 0.175 0.200 0.225 0. 250

CRACK DEPTH (INCHES)
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7.5

(INCHES PER FLIGHT)

OC/0F

CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAW
LOAD INTERACTION CONSIDERED

10
10“:
]
T
LEGEND
-s O=SIGLIM - 30.00 KSL{ 4.5 PRI
10 d)' T ' T T
8x1 10

KMAX/FLT  (KSIxSORT(IN})




CRKGRO PROGRAM CRACK GROWTH ANALYSIS
SAMPLE CASE FOR SURFACE FLAW

LOAD INTERACTION CONSIDERED

7.5

{INCHES PER FLIGHT)

DA/OF

LEGEND

o= SIGLIM ~ 30.00 KSI( 4.35 MAAI
Ll

HALF CRACK LENGTH (INCHES)




The second example is a test data correlation case. Test data were
generated in Phase III experimeatal verification program (Ref. 12). The test
specimen in this example case s shown in figure 5, which is a 2219-T851
aluminum center-crack-tension (CCT) specimen. It is a standard ASTM specimen
used for da/dN testing. The initial half crack length was cij = 0.148 in,
which was the measured dimension after the application of 20,000 constant
amplitude precracking cycles. The test specimen was the fighter air-to-
ground (A-G) mission generated in Phase III of this research and development
work. Appendix C contains the peaks and valleys of the test spectrum in the
percentage of the design limit stress (% o 1jp) format.

Since the crack was a center through-crack, crack code 2010 was called-
out. The crack-growth-rate constants and load interaction model parameters
used in the prediction were as follows. In this example, the single-slope
crack growth rate data was used.

C = 5.066 x 1620 (in ksi unit) q=1.0
+

n=3.83 Rcut = +0.,75

m = 0.6 R, = -0.75
K, = 2.5 ksiVin, A=1.0

(o}

Kc = 65 ksiin. th = 48 ksi

= 3.0
SO

Both the load-interaction and no load-interaction options were executed
in this example in order to illustrate the spectrum load interaction effects.
For the load interaction sclution option, CRKGRO predicted the crack-growth
life was Np = 19 x 263 + 1,452/19 = 5,073 flights, or 19 x 4,997 + 1452 =
96,395 cycles. Compared to the test result (N7 = 5,403 flights), the predic-
tion ratio is Np/Ny = 0.94. The noload interaction prediction was‘Np = 3,948
flights (75,016 cycles), compared to the test result, Np/Np = 0.73.

i
All the input echoes and the print-outs of the outputs are shown in l
the next few pages. |
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in. ] Grain
|
Section A-A
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2219-T851 aluminum plate
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Figure 5. Test Specimen Configuration
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Appendix A

SUGGESTED PROCEDURES FOR DETERMINING CRACK-GROWTH-RATE PARAMETERS

To use the CRKGRO program for fatigue crack growth life predictions, a
set of crack-growth-rate parameters should be determined for each material.
The following paragraphs briefly describe a procedure for determining those
parameters.

BASELINE CRACK-GROWTH-RATE CONSTANTS

Fatigue crack-growth-rate constants for the baseline (constant-amplitude)
crack-growth-rate equations used in CRKGRO are the coefficient C, exponents
n and m, in the following equation:

da/dN = C [(1-R)" K 1" for R 20
= nax or 2

plotting the dependent variable da/dN against the independent variable
(1-R)™ Kpax on a double logarithmic scale, the preceding equation represents
a straight line; i.e.,

m
fn (da/dN) = &n C + n &n [(1-R) Kmax]

where n is the tangent of the angle of inclination and #nC is the distance
of intersection with the #n(da/dN) axis from the origin.

The procedures to determine the coefficient C and exponents n and m of
the preceding baseline crack-growth-rate equation for a specific material
are as follows:

1. Perform constant-amplitude fatigue crack growth test per ASTM
standard E-647 or equivalent specification. It is recommended to
perform the test with minimum four stress ratiosR=0, 0.3, 0.5 and
0.7.

2. Convert the crack size, a, versus the number of the elapsed cycles,
N, to the fatigue crack growth rate, da/dN, using any of the two
AST™M recommended data reduction techniques: the second method or
the incremental polynomial method.

Plot the independent variable [(1-R)™ Kpax] versus the dependent
variable, da/dN, on log-log coordinates with assigned m-values,
either by hand or by a graphical routine such as PLOTRATE, developed

w
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by Chang et al (reference 11 ). It is recommended, in general, to
input the following set of m-values:

m= 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0

Note that if m = 1, the independent variable (l—R)Kmax = AK.

4. Examine each da/dN versus (1-R)™ Kpay plot. The m-value of a plot
which shows the best stress ratio layer collapsing is the proper
value to be used in the analysis. A straight line is then drawn
either by eye-balling or computer, with least-square routine through
all the collapsing data points. The intersection of this straight
line with the #n(da/dN) axis gives the (C-value, while the tangent of
the angle of inclination of the straight line gives the value of n.
A typical plot generated by PLOTRATE for 2219-T851 aluminum is showr
in figure A-1. It shows that m = 0.6 has the best collapsing on al:
the data points at various stress ratios (R =0.01, 0.2, 0.3, 0.5

and 0.7). The corresponding C- and n-values are
C=5.065 x 1019 (in ksi wnit)
n= 3.83

LOAD INTERACTION MODEL PARAMETERS

Fatigue crack growth parameters to be used in the load interaction
model built into CRKGRO are the overload shutoff ratio, Rg,, the acceleration
index, g, and the threshold intensity factor range at R = 0, AKtho.

The overload shutoff ratio, Rgy, and the threshold stress intensity
factor, Kth?v are the parameters used in the generalized Willenborg retard-
ation model for calculating the retardation coefficient, ¢ , which is

defined as: /
1 -IK Kma;)
\ ™Xh .

¢=

R -1
S0

where Kmaxt is the threshold stress-intensity-factor value corresponding to
the AKgp, ~value in the following form:
Kpax = Akth/(l -R) = (1 -A[R]) AKth /(1 - R)
th o)
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To determine the overload shutoff ratio, a series of single overload
variable-amplitude cyclic tests are required. This is because, for a given
material, the overload shutoff ratio is dependent upon the stress ratio and
the magnitude of the compressive stresses. But, to be practical, it is rec-

| ommended to test only the R = 0 condition to obtain the Rgy(o) value. This

value is then to be calibrated using a typical spectrum which has similar
g characteristics to the one to be predicted.

The acceleration index, q, is the exponent in Chang's crack-growth-rate
equation for negative stress ratio, which is expressed as:

da/dN = ¢ [(1 + ROk °

» R<O0
max

The value of q is determined using the following relationship:

i
qQ= [En(7/en(1 + RZ)]/n, R< 0 :

where Y is the ratio of the crack growth rate at a specific negative stress
ratio to its R = 0 counterpart obtained from test data. Hence, based on the
preceding metholology for a specific negative stress ratio, there should be a
specific q value. However, for spectrum loading application, it is not very
practical to generate such q-values. The average q-value approach was adopted
by CRKGRO. The average q-value for a material can be selected by correla-
tion with the test data obtained from a spectrum loading test while the spec-
trum is similar to the one to be predicted.

OTHER PARAMETERS USED IN THE METHODOLOGY

There are several other parameters needed to be input into CRKGRO for
crack growth predictions, 1nc1ud1ng the cutoff values of the positive and

negative stress rations, Rcut’ and the critical values of the stress intensity
factors under cyclic loadings, K.,

R;ut is the cutoff value of the positive stress ratio, R+, above which
the material is assumed to have no further stress ratio layering effect on
the crack growth. R;ut is the cutoff value of the negative stress ratio, R™.
below which the material is assumed to have no further acceleration effect on
the crack growth. These values are, in general, able to be determined from
multiple stress ratios constant-amplitude tests. Yet, for the spectrum load
application, because the effective stress ratio is used in the load interac-

tion model, again, the calibrated value should be obtained using the spectrum
test data.
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R

is the

. .There are two types of K,;r vah_xes: Ker(a) and Kcr%q)- ch;(_a)
critical value of the stress intensity factor under cyclic loading at the
maximm depth point A of a PTC. In general, the value of Kcy(a) is considered
approximately equal to material plane-strein toughness. Kcr(c) is the critical
value of the stress intensity factor under cyclic loading at the maximum length
point c of a PTC or TC. The value of Ker () is considered approximately equal
to material plane-stress toughness.




Appendix B

CRKGRO STRESS INTENSITY FACTURS LIBRARY
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Appendix C

A TYPICAL FIGHTER AIR-TO-GROUND BASELINE MISSION
SPECTRUM TABLE




Appendix C

MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A

FIGHTER BASELINE TEST

TEST F-B-2, AIR-TO-GROUND

'

| ;
raﬁca T732r352 LU NI MO g Fiwn—~r o 7..&77_~ 7n_<~.:a DO OMLO - ay ?rlé.. 1
...'0..0...0..'..Q..............0..0...'0.......'....000_.0'0'.
[N LX) Q37ﬂc P NN NOIMHNGE GBS NE DO a0 C oI cL e Coahanuperr~goadN U

SOV VNN T I IINCINH MM T Lysunwiramidfuocma Mo S Heigmlieaa s Ny -0 bx.:...“-cl

ﬁ....:-:.w,&lz nete db i s ool ~acjiussinmanb cmeboa ORI LT TP
. o 0 » 5 sl 0o & sjo o 0 0je * 0 3|0 ® 9 Oj0 O @ 6,0 9 & 9{¢ ¢ @ sje e ® Olo » o olo @ 0 vie o & 8,0 @ ® ajs 8 ¢ & 0 O
P Rl (LTI AV IVISSE S RVOR L PRACTRE 'RV ALRASS VR Cr APV AT YV IVISTTRVE Lo < I ) S LU T AN TR T [CVRTEY Sl TR
wdes E SR ol N 4 odvd P lr -y et - [

] ’ ] 1]

*7@.:\355?1701-7 PAVVIAR. 4 quce U YYD W CHN G U TR ALV VR LR L RIS TR A ) S AR LA A for- teu) vt tfyo Wi 3
O......o..l.o..........0.'..0..0..0..........D...'...o..ll.O.‘l
OO N 0 =M o O O oot G~y Il T oG e L0 DU DN 03378f18\.-7264ﬂl93 -
Y RN PRTNE WY 20 NIRRT ST IV SETRRE NLATS TN STE Rl LTS LA S 10 Ladd) Irwmatum i v mlouri g to s

9?554 mnMmoRicn~Vponopa b NNa [ Y ST X BT

‘I.C........0.0000..0..'0.0....

ke 1 MM A a0 en o s i i -

- -ttt -] 3 lea - N
.

Otl‘.o..&.'.....l...".....

o«
. L N )
e o AN AT S N~ OO a0
- — 1ou| o —tod et prgeey V)

WP A0l OMANNOMN NSO rﬂ..':: DO wMIfID
.
]

¢ o0 & ..o.Q..v....0.’...0'.......0..0...0'0.. ® ojo 5 & o o 0|leo o0 0la o
b g. 100 5157?111 0w hio Db oo oin~ lu ot o
ZQ?..Jj...SA SERALTIFE R dud o B d b L3 W.J.J-::36~..¢37:.31....3#3.:3

MO od 31
Mg ITNTY T

M SOS ORI

alipinle 19-25&‘_41 N OO Dot N o4~ DO Y 4 2hal=1a 1111 and nd DQ.DZWQ g < T.\uuinu DO O u Pt ipMmiINn/- iy
* 8 [ ]
Naewahpmanpirmcie

(309(5047825T699 Db o roheuNOn TN

N oo 2 mini- ol win s nuahnoopounac
.........0'.‘.........O...‘.....'...'..........l..‘.......OC
071.:...2;”2?7—50ﬂsa.al.absIGOS““SO/——IGS‘ZSI o MN~NSG 0D “9\&{3 —:7540:37199
-l b, e W —eerd] AVt o —thtrd e=faqyete’ - Fporre ST I o
[] : (] ]

N .OW L e ONNTU D O B 0D e~ llclskrgz? 018.31;1.68 bnd oo N0 0 h.-‘..—.02‘,- MO Y
a.-oco.o.o.o-o..-o.ooooo-oooo-onco-ooooo-ooooponﬁuuc-oo..o-..o
oy gtV LW Ll swrpPonNrrRpTmHItumee NN XS o~ wipn e OpPrvno laremnn ool e~
..»?.t.c I STV A T SYNE T BT L] M lolel SR T bR Lettd it bl Ly ains ¢ 4 v it e flumnen

rﬁs.: B 3~ OO OYIO P 4O I367En¢33€358?332 rd.sz_dn.t:l ROV ) = N ) T I ORIFICN
.tooooonoaoooooooooooo.cccocooooo-o..oooocooo‘no-ooo.oooooco-oo

s pU ) Wi eBIOtWLIN weoupm 1o D AN 116 323 o orae Nt e

~Cu] N Lot Lt e [ ardt 4 ~ A _
] ] ]
]
— .
I P 67T DN CONDIMIL U3 0 g T e W N & N [>irta ins oy oo TN U~ W
0l‘O.......IA....‘...l.‘.....0.........'...Q. ...0..........0..
T751§231 ra P OOM OV BN oMM -ID e o “69?21&8 "I VNAONC- Fdl“ e 0 @
it 2 It el @[ S NAP NN S NN S 4 NEM A0S LN e NSNS e N oY :637”3
«4461 eéJBﬁ.élG Mt D o WOINCPINDWONS r701 "IN NRINOW) 1875 M- NN oI UiroON T O
.......‘_'..I.'.'..Q...l......O‘.OO'..... ............C.OO.....
rﬂ..lpt o a\ve PR N TU T ST LTI WY X7 AVTRNVL NS AL B ) 91-1-_ rig rc..\pt rltsvs FUYRTILYT SITRNY) It 8 Pres v P-z
- "iea 4 ot O ot bt | 4~ -y b4 et e o' YR SIS R LN
\ !

(] [] ] ] ]
w
oy ¢ :67895123056 QOO HN N0 br0123456r890r.234 676W0123056189_u Y]
; 8 g 04 1 ot 0t 4 O NS TSN EN TN €N 3333333533044QQ1‘44 5555555 WINNHD O
A "
N 1]

| . 1 \
: [ i | !
X

¢ 1 1

-1

e e e

-t abalali

128

W% of DLS

|



~

f

_.
.

r

L]

N

ke
.

10

.
4

N

TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED)
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A

FIGHTER BASELINE TEST (CONTINUED)
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EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A

FIGHTER BASELINE TEST (CONTINUED)
TEST F-B-2, AIR-TO-GROUND MISSION
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED)
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EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED)

e

ooo.oo.oo-.0.-.........00000000_00O0O00'00.0'.0oo o0 ole oo oo e e
NG D g UL NONIP O O RIUL OO 1301..736.:4?.4253807 NP~ O CIraOl iU N pded el
=l

]
PRI ubb.cr.JGBTQ.uﬂ_ .354r.ASDﬁ»I..._SrSJZr?SaTE..:r LY TG?S!: vIeulr e 2A313_JP,
?33f?53h“23£4a3 M i @ cueuln e F {0 @ M Er A ur

-
SR LMP S Ne ISRt 1) Neiom

_

(]
Sl o o) ré.lnu U ﬁ.a..«.:.’cc‘cﬂ f..z.él.J:;Jn. NU-C DU T U76§.r131¢ OMIrmlU Iy T.F cigyfpea—a rtv
® & & ¢j0 @ ¢ 2 a ® ¢ ol o LN
Fowpnmrguviowbior wol o s awwmp, woaamfa eswewhirscwofsmeob surw T.CI: SN rr.:ca b =1tur- O 9 gy
e 4 _r.. -] - -t (VPP B9 Nty —ed et ] M I R ST.V7 T Sy
[ ] L} ’

TN

® P[0 0 05100 0 0l 0o 0|00 Vet P e 0 Ca g et e g e e gle 00 00 000

-3 wur T‘Z.lz pE- A ST o F1L ATV g & FUnIV]) W.-L?-lZ:.c.:-,bC.Ci‘ O tedDUrs NN A INPE —C NN WS WD G Uit
.0..0'...0...0...0...ﬁ..'.“......o.ll.l..l...h‘...‘...o.........
0D 10 EIF it M LD QU= =N D IV 3 GV D0 i 1 05 G W0 SO INRO NI ¢ o & i~ (73{ PSS eaoN Ui o b
4 IOION I NN I MW WIS MG NS INOMMPINS T IN I MIONNUIE OF IS NN W o 2 3 e Ctan 4

140 et f“l? TI=IRY VT & ST ) NI - TC?.-JTG.G..LU.U&.E HOWH O~ OO N Tq..ﬂ.?f.auﬁﬂ. O W eefiv i

o 20 (0 00 otleose i oo v|eovoviesref[ev o oo 0o oice v sie 200 poe]es s eloe o s]ls o0 sleeeo]es
T20=.5713 2~...T679 fﬂ92:336 R YV s Rl aXol BNTPR o 7525{ Detd F T ?3.-.15698?
e - o~ ] o~ bt 4 O -~ —ted [ RS ]

L

T ey
-t [

m1 -4 N -4 112-‘

] ] (]
M hwenbrew e anepasrobonepcaap e~ clhoer~lomon FSZQ DN HINDN - OINIMN G @ () @
® 6 6 0|0 & o B2 P S o6 o8 Oin O 0|0 08 0" 00 0|0 d 0 0le o e s OB e s|0e s |8 s gic 00 B0 e b eleo
Mmook onecormlon N enolng mfNet- b~ mjoawlr v winominvombonolosrm o g
LT ::.21%,::41 g aTNg g e e mpg e e ﬁ437=_ BN =l @ MM b @ S fuanuinfemn

.1210f8305573 NN 0O Ot NN P~ OIDY IOE, 104 0Nt INOWIE-n
. L

@ ONINO O N 2 "N 0 v eded
® 50 0l0 060 0j0 0 000 es 0 0]eoosoie e e|re e o o 0le0 0 wfe o0 00 e ojo ¢ @ 0|® ¢ 9 0" ® 0 0j{0 0 0 o]0 <
PN SISO PR ONVIONSOFINDNNEO NN o e M Lirnithmn ONHN N| T4 TC!JSF.J ~“hOD T 0 e Lag]
11. -4 AN Lol 2 2 ool -t i{eq]| vt e [ 2 f T ] —t] o -3 —
] [} ] [}

PP o e T579f75 e rmaeon|nongio tnlio et st nnmbamoinonnticam ot~ eaein
o o 9 8|0 4 0070 6 800 20000 0 %[990 0 0|0 @ 0 tfco 0 e]ss ® oje o8 Bt 0 ei0 e o[ e ¢ alee o oeloe ®eole o
hr ot~ NH0locu FOHOHNANP VoD M Nt N i e Vol DV Ol 0w ior Ve hune fiwmabie
S WEPITNNNIMIIP. N S USTHIMGE O G d NN *322t‘~17 CNOU EIHINN M .“73 rMNN IR U NI, -G N

i+
e el veooleosslossc|fee ee o o elo e o ole v o rvlee e ele
WO WINIL M Mt ] PNIN T QD et t.CfU(‘-I~ T-’:.s =1=11r 4 (.ﬁca MICR WM @ et [l v ot IE-,-IT. t o
- e 1~ et ] Nt eld lecs N~ - o (] - ey
4 [] [] 1] [ 3

3 N{O M @ Whe N OO o NG W TCB&TCIS Aalela T.J?O PN O ;M ..655T1w,7 Elololnl XL ENT 3V}
..l-.000\0000.00000Q0...QCOO...O....O..OOOO0.0000QO'OOOOOQW

NP ovnbnomboocowpparduimoohacnriachiont oo~ Voo vne koo
") o 54330273ﬁ¢34 43521006 NE NN §) 2 NN D T MO (e LD & N NE & N ME far

f.\.aa fu2?7r300

saafu—fqblﬁﬁ“qa-f FZQB ﬁlll rFiHMWO
oooﬁo-cooooooco-coocooooo
]

UID DAY OV OIS D b= ?gaQﬁA.sa:‘ D8 DN UIU N,
[

noe 7911_3177 n 1o oA on ol eyt @ 2O s ont- ro

TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 XSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED) ‘
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIEICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED)
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EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED)
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TEST F-B-2, AIR-TO-GROUND MISSION, DESIGN LIMIT STRESS (DLS) = 30 KSI

EXPERIMENTAL VERIFICATION PROGRAM, TEST GROUP I-A
FIGHTER BASELINE TEST (CONTINUED)
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